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Abstract
Global climate change, caused by increased emissions of greenhouse gases, is likely to affect agroecosystems in many
ways, but the outcome, for instance, as a shift in productivity, depends on the combined effects of climate (temperature,
precipitation) and other global change components. The focus of this review is on temperature, soil moisture, atmospheric
CO2 and tropospheric ozone (O3). Changes in agricultural productivity can be the result of direct effects of these factors at
the plant level, or indirect effects at the system level, for instance, through shifts in nutrient cycling, crop–weed interactions,
insect pest occurrence, and plant diseases. Based on results of factorial experiments under a range of experimental conditions,
it is difficult to draw generalized conclusions. With respect to C3 crops, the data suggest that elevated CO2 may have many
positive effects, including yield stimulation, improved resource-use efficiency, more successful competition with C4 eeds,
reduced O3 toxicity, and in some cases better pest and disease resistance. However, many of these beneficial effects may be
lost—at least to some extent—in a warmer climate. Warming accelerates plant development and reduces grain-fill, reduces
nutrient-use efficiency, increases crop water consumption, and favors C4 weeds over C3 crops. Also, the rate of development
of insects may be increased. In grasslands, elevated CO2 stimulates dry matter production, in particular, in N-fixing legumes,
but warming again reduces the positive CO2 effect. A major effect of climate warming in the temperate zone could be a
change in winter survival of insect pests, whereas at more northern latitudes shifts in phenology in terms of growth and
reproduction, may be of special importance. However, climate warming disturbs the synchrony between temperature and
photoperiod; because insect and host plant species show individualistic responses to temperature, CO2 and photoperiod, it is
expected that climate change will affect the temporal and spatial association between species interacting at different trophic
levels. Although predictions are difficult, it seems reasonable to assume that agroecosystem responses will be dominated by
those caused directly or indirectly by shifts in climate, associated with altered weather patterns, and not by elevated CO2 per
se. Overall, intensive agriculture may have the potential to adapt to changing conditions, in contrast to extensive agricultural
systems or low-input systems which may be affected more seriously.
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1. Introduction
Anthropogenic emissions of carbon dioxide (CO2),
and of other greenhouse gases, have serious implica-
tions for the global climate system. In its recent third
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assessment report, the Intergovernmental Panel on Cli-
mate Change (IPCC) has concluded that a change in
global mean temperature of 1.4–5.8◦C, in combina-
tion with changes in precipitation and an increased
frequency of extreme weather events, is likely to oc-
cur until 2100 (IPCC, 2001). This shift in climate will
affect terrestrial ecosystems at different temporal and
spatial scales, reaching from effects at the global bio-
sphere level, which may take years to millennia, to
localized effects at the level of individual organisms
or even organelles, which may take only minutes to
a few years. Given the implications for ecosystems
with their goods and services, sensitivity analyses are
needed to identify areas at risk, and critical conditions
and thresholds, and to elaborate mitigation and adapta-
tion options at the scales of interest to decision makers
and practitioners. At the smaller spatial scales, effects
of climate change may differ from those projected at
the larger scales. In fact, high resolution mechanistic
ecosystem modeling suggests that the response of a
particular system depends on the fine-scale spatial pat-
tern of soil characteristics, and on the nutrient cycling
Fig. 1. Crop production levels depending on defining, limiting or reducing factors (seeGoudriaan and Zadoks, 1995).
properties of the soil/vegetation system (Pan et al.,
1996; Riedo et al., 1999).
Agricultural ecosystems—or agroecosystems—
comprise polycultures, monocultures, and mixed sys-
tems, including crop–livestock systems, agroforestry,
agro–silvo–pastoral systems, aquaculture, as well as
rangelands, pastures and fallow lands. They are found
all over the world from wetlands and lowlands to
drylands and mountains, and their interactions with
human activities are determinant. Today, the agricul-
tural share of the total land area is about 30% in the
US, 45% in Europe, and 38% worldwide (FAOSTAT,
1999). Effects of climate change on agroecosystems
have received considerable research attention (see
Parry, 1990; Rosenzweig and Hillel, 1998), but hith-
erto the sensitivity of many of the types of ecosystems
listed above have not been studied in detail. Most
studies focused on cropping systems, and projected
effects include changes in yield and spatial shifts of
production potentials (Reilly and Schimmelpfennig,
1999), or altered insect pest occurrence (Porter et al.,
1991). Changing temperature or rainfall alters the
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local suitability for specific crops (Rötter and van de
Geijn, 1999) and grasslands (Rounsevell et al., 1996),
and the need for irrigation and fertilization (Adams
et al., 1990). In the case of temperate grasslands,
model simulations suggest increased productivity
(Riedo et al., 1999; Parton et al., 1995), which may
stimulate animal production (Baker et al., 1993). Sec-
ondary effects include altered farm profitability and
regional costs (Rosenzweig and Parry, 1994).
However, many predictions of climate change ef-
fects are confounded by the interactions with direct
or indirect effects of elevated atmospheric CO2, and
with other global change components. An increase
in CO2 adds additional carbon to the ecosystems
via photosynthesis, leading to changes in the cy-
cling of water and nutrients, and the energy balance.
Moreover, the changing chemistry of the atmosphere
affects ecosystem processes. In many industrialized
regions, the increase in tropospheric ozone (O3) is a
key factor of atmospheric change, and the widespread
occurrence of visible plant damage across Europe is
well documented (Benton et al., 2000). Effects of O3
pollution on crops received considerable research at-
tention (Heagle, 1989). Direct negative effects of O3
on photosynthetic C fixation, leading to productiv-
ity losses, are well established (e.g.Lehnherr et al.,
1997). It is also known that the thinning of the pro-
tective stratospheric ozone layer, leading to increased
levels of ultraviolet (UV-B) radiation at the earth sur-
face, may have implications for the productivity and
quality of sensitive crop species and cultivars (Krupa
et al., 1998), but this aspect is not considered in this
review.
Following the concept cited inGoudriaan and
Zadoks (1995), the potential yield, which is deter-
mined by climate, CO2 and crop characteristics,
is almost never achieved because ofyield limiting
factors such as low soil moisture and nutrient avail-
ability, andyield reducing factorssuch as pests and
pathogens, weeds, and air pollutants (Fig. 1). To
understand agroecosystem responses, the role these
factors may play under altered climatic conditions
and elevated CO2 must be known. The aim of this
review is to summarize recent findings with regard
to the interactions between various factors, with a
focus on agroecosystems productivity. Other relevant
aspects such as biodiversity or carbon sequestration
are not considered.
2. Agricultural yield
2.1. Influence of elevated CO2 and temperature
Atmospheric CO2 is the sole carbon source for
plants. Current levels of CO2 limit CO2 assimila-
tion in C3 crops, and increasing CO2 concentrations
up to about 800–1000 ppm stimulate photosynthesis
(Amthor, 2001). However, stimulation of photosyn-
thesis does not directly translate in increased biomass,
or yield. In determinate crops such as cereals, grain
yield not only depends on photosynthesis but also on
the length of the active phase of leaf photosynthesis,
and the sink capacity of the grains.Fangmeier et al.
(2000)found that in barley (Hordeum vulgareL.) el-
evated CO2 increased the nitrogen (N) sink capacity
of the grains in combination with accelerated flag leaf
senescence, which, in turn, reduced the length of the
period of photosynthetic carbon acquisition.
Often, the effects of elevated CO2 have been studied
with non-limiting supply of water and nutrients, and
temperatures have been kept near the optimum for crop
growth. Under these experimental conditions, average
yield stimulation for C3 crops with a doubling of CO2
has been estimated at 30%, while estimates based on
results from field-scale experiments under more realis-
tic conditions were lower. According to the review by
Kimball et al. (2002), elevated CO2 stimulates biomass
in C3 grasses by an average of 12%, grain yield in
wheat (Triticum aestivumL.) and rice (Oryza sativa
L.) by 10–15%, and tuber yield in potato (Solanum
tuberosumL.) by 28%. Yield stimulation in C4 crops
is much lower. Under limiting nutrient supply (mainly
N) in free-air CO2 enrichment (FACE) experiments,
a mean stimulation of wheat grain yield by only 7%
was observed, in contrast to a higher relative stimu-
lation under water-limited conditions (Kimball et al.,
2002). In absolute terms CO2-stimulation of wheat
grain yield in water-limited plants may nearly com-
pensate for effects of water shortage (Amthor, 2001).
Similar to arable crops, dry matter production in
species of temperate grasslands on fertile soils re-
sponds positively to an increase in CO2. In a FACE
experiment, yield of perennial ryegrass (Lolium
perenneL.) swards with high N-fertilizer input in-
creased from 8% up to almost 30% after 3 years, and
in white clover (Trifolium repensL.), a legume receiv-
ing N via biological N2-fixation, yield increased from
4 J. Fuhrer / Agriculture, Ecosystems and Environment 97 (2003) 1–20
11 to 20% (Hebeisen et al., 1997). Yield stimulation
of a mixture of both species averaged 18%, regard-
less of year, fertilization level, or cutting frequency.
With a low input of N, N limitation strongly reduced
the CO2-stimulation of dry matter yield in ryegrass
swards to below 10% over a 6-year period, as com-
pared to 25% with high N input (Daepp et al., 2000).
Thus, the CO2 response of grasses, which depends
on the carbon sink strength and is highest during re-
productive growth, can be overcome by N-fertilizer
addition (Daepp et al., 2001). In grass/clover mix-
tures, biological N fixation contributed significantly
to the total system N supply, and in systems with
lower N-fertilizer inputs, elevated CO2 may favor the
legumes and restrict the grass component (Zanetti
et al., 1997). Biological N fixation by legumes plays
a key role in maintaining the C:N balance under
elevated CO2 and accounts for the strong positive
response of dry matter yield and N yield of legumes,
as evidenced directly by comparing the responses
of effectively and ineffectively nodulating lucerne
(Medicago sativaL.) (Lüscher et al., 2000).
In less productive systems, such as a native tall-
grass prairie, elevated CO2 exposure during several
years consistently stimulated biomass production, but
the magnitude of the effect differed between individ-
ual years mainly because of interactions with variable
soil moisture availability (Owensby et al., 1993).
In moderately fertile California annual grassland,
elevated CO2 was found to stimulate net primary
production (NPP) in the presence of ambient levels
of temperature, precipitation, and N input. However,
positive effects of increased levels of these factors
on NPP were consistently damped by elevated CO2
(Shaw et al., 2002). The authors suggested that soil
nutrient immobilization under elevated CO2 could be
responsible for the suppressive effect. Based on their
experience, they stress the importance of multifactor
experiments to understanding ecosystem responses to
global change.
The effect of elevated CO2 depends on tempera-
ture. Based on the differential temperature sensitivity
of the solubility of CO2 and O2, it could be expected
that increasing temperature would increase the affin-
ity of ribulose bisphosphate carboxylase/oxygenase
(rubisco) for CO2, leading to an increase in the
CO2-stimulation of photosynthesis with temperature
(Long, 1991). However, this effect may not result
in increased biomass or yield. In individual leaves
of soybean (Glycine max(L.) Merr.) stimulation of
photosynthesis by elevated CO2 increased as temper-
ature was increased from 25 to 35◦C (i.e. optimal
growth rates), whereas both whole plant photosynthe-
sis and total biomass production showed the opposite
trend (Ziska and Bunce, 1997). The authors argued
that if CO2 and temperature increase concurrently,
self-shading could limit the response of CO2 assim-
ilation. But the situation is more complex because
CO2 also reduces stomatal conductance and, in turn,
transpirational cooling which leads to higher canopy
temperatures. In cotton (Gossypium hirsutumL.),
canopy temperature was increased by an average of
0.8◦C under elevated CO2, and in wheat by 0.6◦C,
and the increase may even be larger when N is limited
(seeKimball et al., 2002). Hence, elevated CO2 adds
further to the increase in leaf temperature caused by
higher air temperature.
There is ample evidence that warming generally re-
duces the yield of grain crops because of accelerated
plant development (seeAmthor, 2001), and the neg-
ative effect tends to be larger for grain yield than for
total biomass (e.g.Batts et al., 1997). This may be due
to the particular temperature sensitivity of grain-fill. In
a recent data analysis for wheat,Amthor (2001)found
that warming by only a few degrees may offset the pos-
itive effect of elevated CO2 on yield, and that the com-
bination of doubled CO2 and a warming of 1.6–4.0◦C
has a negative effect on yield (Fig. 2). Similarly,
Porter and Perez-Soba (2001)found that sub-optimal
temperatures reduced the relative CO2-stimulation of
growth in herbaceous species. Conversely, elevated
CO2 can counteract the negative effect of higher tem-
peratures, as in the case of cool-temperate grasses.
An increase in temperature by 2.5◦C under field
conditions strongly reduced (−42%) dry matter yield
of a perennial ryegrass sward at ambient, but not at
elevated CO2 (Nijs et al., 1996). Similarly, wheat
yield declined with increasing temperature, but less
in the presence of elevated CO2 (Wheeler et al.,
1996). However, as studies are often confounded by
the different responses of species adapted and accli-
mated to different temperatures, and the inter-specific
differences in growth form and development pattern,
evidence for large differences in the response to CO2
at different temperatures is still limited (Morison and
Lawlor, 1999). Polley (2002) suggested that yield
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Fig. 2. Effects of elevated CO2 and increased temperature, singly
and in combination, on yield of wheat. The data represent the ratio
of yield relative to current ambient CO2 and temperature (relative
yield change). Data are taken from the review byAmthor (2001,
Table 7). Plots show median and standard percentiles (n = 17).
should be most responsive to CO2 when temperatures
approximate the optimum for crop growth.
The effect of increasing temperature per se on plant
growth and development has important consequences
for crop production (Porter and Gwaith, 1999), and
the implications of warming, for instance, for wheat
yields, can be predicted with some confidence. Im-
portant aspects include changes in growth rates and
phenological development, and effects of shifts in the
frequency of occurrence of critical temperature thresh-
olds for specific developmental phases, including ger-
mination, vernalization, tillering, spikelet initiation,
etc. Given the prediction that climate variability may
increase and extremes become more frequent, there
is a need to better understand the implications of the
combination of increasing mean temperature and more
frequent temperature extremes for crop production.
2.2. Influence of ozone alone and in combination
with elevated CO2
It is well known that increasing O3 levels at ambi-
ent CO2 causes a decline in the yield of many crops
species (cf.Fuhrer et al., 1997; Fuhrer and Booker,
2003). This negative effect results from a limitation
of photosynthetic C assimilation due to a reduction in
the activity and amount of rubisco (Lehnherr et al.,
1997; Farage and Long, 1992; Pell et al., 1994), associ-
ated with accelerated leaf senescence (Grandjean and
Fuhrer, 1989). In addition to detrimental effects of O3
on rubisco,Grantz and Farrar (1999)andGrantz and
Yang (2000)have also shown that impaired transloca-
tion of photosynthate from sources to sinks is an early
and important effect of O3 on plant growth. In addi-
tion to its effect on yield, O3 was found to affect the
quality of crops; for instance, grain N concentration
generally increases with increasing O3 (Pleijel et al.,
1999) leading to a better baking quality of the flower
(Fuhrer et al., 1990), whereas in potato, increasing O3
had a negative impact on tuber quality (Vorne et al.,
2002).
The effect of O3 on photosynthesis interacts
with elevated CO2 (McKee et al., 1995). There-
fore, elevated O3 determines the magnitude of the
yield-enhancement by elevated CO2. The relative
yield stimulation by elevated CO2 is larger in an at-
mosphere containing elevated levels of O3, or vice
versa, in a CO2-enriched atmosphere, negative ef-
fects of O3 are less than at ambient CO2. This was
observed, for instance, in soybean (Heagle et al.,
1998), cotton (Heagle et al., 1999), and winter wheat
(Heagle et al., 2000), but not in clover (Heagle et al.,
1993). The protective effect of elevated CO2 under
O3 stress could be explained by a reduction in leaf
conductance which reduces O3 uptake, or an increase
in the activity of anti-oxidant enzymes (Rao et al.,
1995). But most current evidence suggests that the
protection from O3 in a CO2-rich atmosphere is pri-
marily due to O3 exclusion, rather than an increased
detoxification capacity (Fiscus et al., 1997; McKee
et al., 1997). This is in agreement with the observa-
tion that O3 flux to the plasmalemma in wheat and
barley is controlled by stomata rather than by direct
reaction of O3 with detoxifying substances such as
cell wall ascorbate (Kollist et al., 2000).
3. Resource-use efficiency
3.1. Nutrients
The aim of modern agricultural practices is to
achieve an optimum efficiency in the use of resources
(i.e. minimum amount of a resource used per unit of
yield) such as nutrients and water, thereby preserving
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resources and minimizing environmental impacts due
to resource losses to the environment. Excessive ap-
plication or low uptake efficiency of nutrients from
concentrated inorganic fertilizers or from renewable
nutrient sources (e.g. animal manure, cover crops,
or green manures) can result in the accumulation of
nutrients in the soil. With low nutrient-use efficiency
(NUE) nutrients not utilized by the plants may leach
to groundwater, be transported in runoff or sediment
to surface waters, or be emitted to the atmosphere in
the form of nitrous oxide (N2O), nitric oxide (NO) or
ammonia (NH3).
Increased NUE was often observed in response to
raising CO2 (Drake et al., 1997). Nutrient retrieval
and nutrient utilization were found to be higher in el-
evated CO2 in field-grown cotton (Prior et al., 1998),
and wheat (Fangmeier et al., 1999). However, with in-
creasing NUE under elevated CO2, N yield in cereals
does not automatically increase (Kimball et al., 2002)
because of the decrease in plant N concentration. This
may be caused by the effect of dilution due to the more
rapid growth under elevated CO2, or due to changes
occurring at the level of the photosynthetic apparatus.
Increased plant NUE can lead to lower inorganic N
concentrations in the soil, and reduced N loss.Torbert
et al. (1996)found that elevated CO2 significantly
decreased nitrate (NO3–N) concentrations below the
rooting zone in both soybean and grain sorghum
(Sorghum vulgarePers.) crops indicating improve-
ments in N retention in soil organic pools. In ryegrass
monocultures, after 4 years elevated CO2, N yield and
Table 1
Effect of elevated CO2 on nitrogen dynamicsa
Plant species N fertilization (g N m−2 per year) [CO2] (l l−1) Nyield (g N m−2 per year) NUE (%) Ngain (g N m−2)
Lolium perenne 14 350 6.0 21.4 23
600 5.5 18.2 11
56 350 22.8 35.5 47
600 17.4 26.8 86
Trifolium repens 14 350 18.9 11.9 28
600 28.9 16.7 42
56 350 17.1 9.9 36
600 28.9 13.8 45
Nitrogen yield (Nyield), nitrogen use efficiency (NUE) in yield, and system N gain (Ngain) in monocultures of perennial ryegrass (Lolium
perenne) and white clover (Trifolium repens) at two levels of N fertilization and exposed to either ambient (350l l−1) or elevated
(600l l−1) CO2. (Plants were grown in the FACE experiment at Zurich-Eschikon, Switzerland.)
a Data fromHartwig et al. (2002).
NUE were reduced while system N gain decreased at
low, and increased at high N-fertilization rate, whereas
in clover an increase in N yield and NUE was asso-
ciated with higher system N gains at both low and
high N-input rates (Table 1) (Hartwig et al., 2002). In
this case, the higher system N gain was mainly due
to higher retention of N in the soil. Assuming that
elevated CO2 would not increase N availability, the
limiting effect of N on the productivity of ryegrass
monocultures would become more stringent (Gloser
et al., 2000). In an intact C3/C4 grassland in central
Texas (USA), increasing CO2 decreased net N miner-
alization which led to a strong, non-linear decrease in
N availability (Gill et al., 2002). In the longer term,
this may lead to a decline in plant productivity. These
results underline the importance of the influence of el-
evated CO2 on N cycling and N budgets in both annual
cropping systems and perennial grassland systems.
There may be important climate feedbacks through
effects of elevated CO2 on soil nutrient cycling.
Higher potential production of the greenhouse gas
N2O could result from direct effects of elevated CO2
on soil microbial processes of nitrification and denitri-
fication (Carnol et al., 2002). In ryegrass plots main-
tained under high N input, elevated CO2 increased
(+27%), the output of N2O following the application
of ammonium nitrate, thought to be the consequence
of enhanced root-derived available soil C, acting as
an energy source for denitrification (Ineson et al.,
1998). With low N input,Kammann et al. (1999)also
observed an increased N2O output from grassland
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plots, but this was not directly related to fertilizer ap-
plications. However, in a study with barley no direct
plant-mediated effect of elevated CO2 on N2O fluxes
or denitrification activity could be observed, possibly
because N uptake by the plants was more efficient
under CO2 enrichment (Martin-Olmedo et al., 2002).
Nutrient cycling may be affected further by elevated
CO2 via changed litter decomposition rates, as sug-
gested byField et al. (1992). Frederiksen et al. (2001)
reported that the decomposition of wheat straw was
slower when the plants were grown at elevated CO2.
Changes in residue quality due to elevated CO2 may
alter soil C and N dynamics, as shown byTorbert et al.
(1998)using residues collected from experiments with
soybean exposed to either ambient or elevated CO2.
However, elevated CO2 has been found to alter the
C:N ratio, but not the amount of root litter in the top-
soil horizon in grassland after 8 years of exposure,
leading to only minor changes in N cycling in the soil
(Jastrow et al., 2000). Furthermore, a meta-analysis
by Norby et al. (2001)revealed that elevated CO2 has
only a small effect on litter N content, unlike in the
case of green leaves, thus indicating that N resorbtion
during leaf senescence is not altered by elevated CO2
an thus effects on nutrient cycling in the soil may be
small. Also, any such effects, if they occur, may be
of minor importance in managed agroecosystems be-
cause of larger effects from agricultural practice or
changing land use and varying crops.
In contrast to elevated CO2, warming tends to have
a negative effect on plant NUE. This can be due to
increased sink limitation with increasing temperature,
especially in plants with reproductive sinks (Reddy
et al., 1991). At the system level, warmer conditions
stimulate soil N availability through higher rates of
mineralization which may lead to increased produc-
tivity (Parton et al., 1995), but also to higher system
N losses if N demand by the plant is not synchro-
nized with N supply. Ozone stress also reduces NUE;
in wheat, both the efficiency of N uptake and N as-
similation decreased with increasing O3 (Fuhrer, un-
published data). The combined effect of O3 stress and
elevated CO2 on NUE remains unknown.
3.2. Water
Changes in the water balance and the amount of wa-
ter available in the soil can be crucial for crop yield.
In grasslands, 90% of the variance in primary pro-
duction can be accounted for by annual precipitation
(seeCampbell et al., 1997), and yield of water-limited
crops is determined by crop water use and by water-use
efficiency (WUE). In a warmer climate and under
small interception losses of water, increased evapo-
transpiration favors soil dryness. Calculations using
the Penman–Monteith equation predict that potential
evaporation increases by about 2–3% for each 1◦C
raise in temperature (seeLockwood, 1999). Thus, sites
which are already at the limit with respect to water
supply under current conditions are likely to be most
sensitive to climate change, leading to an increase in
the need for irrigation in dry areas, while more hu-
mid areas may be less affected (e.g.Brumbelow and
Georgakakos, 2001). This negative effect of climate
warming may be counteracted by effects of elevated
CO2 on the crop tolerance to water stress (Woodward
et al., 1991), as recently confirmed for sorghum (Wall
et al., 2001), wheat, cotton and maize (Zea maysL.)
(Kang et al., 2002). Among the many effects of in-
creased CO2 on plants, increased WUE plays a key
role (seeKimball et al., 2002).
Improved WUE with elevated CO2 can be linked
to prolonged photosynthetic activity during drought,
which, in turn, leads to higher crop yields in rain-fed
agricultural systems, for instance, in the semi-arid
tropics (Clifford et al., 2000). The increase in WUE
tends to be higher under dry as compared to wet
soil conditions (Kang et al., 2002), andOttman et al.
(2001) suggested that sorghum yield would increase
most with higher CO2 concentrations in areas where
water is limited. However, the nature of the inter-
action between drought and elevated CO2 remains
unclear.Grant et al. (1995)observed that the decline
in stomatal and canopy conductance in wheat as
soil dried was greater at the current than at elevated
CO2. Conversely,Mitchell et al. (2001) provided
evidence that the relative response of transpiration
and canopy photosynthesis to soil water deficit was
unaffected by CO2 concentration. This is in agree-
ment with the observation that elevated CO2 may
have little or no effect on transpiration or photosyn-
thesis when the response is normalized to soil water
content (Serraj et al., 1999). In C4 plants, however,
pronounced drying of soils may cause stomatal clo-
sure and thus reduce internal CO2 concentrations to
levels over which photosynthesis is sensitive to CO2
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(Polley, 2002). This may favor positive CO2 effects
on leaf area development in C4 species at low soil
moisture levels (Samarkoon and Gifford, 1996). The
protective effect of elevated CO2 could also be linked
to a greater capacity to extract available soil water
and nutrients by roots, thus enabling plants to main-
tain greater relative water content and less negative
total leaf water potentials (Wall, 2001). Wechsung
et al. (1999)observed that increased root growth and
changes in root morphology caused by elevated CO2
increased the ability of wheat plants to compensate
for effects of water stress. Thus, increased carbon
partitioning to roots with elevated CO2 is an impor-
tant issue, and was found in field studies with winter
wheat (Batts et al., 1998), and in ryegrass (Suter
et al., 2002). However, an earlier literature review
by Rogers et al. (1996)revealed substantial varia-
tion in root:shoot biomass partitioning across crop
species, possibly because of differences in crop type,
resource supply, or other experimental factors. Effects
of elevated CO2 on root morphology may be equally
variable (Pritchard and Rogers, 2000). Because of
the lack of a mechanistic understanding of biomass
partitioning generalizations about crops responses to
elevated CO2 under limiting soil resources remain
difficult.
Improved photosynthetic WUE at the leaf level may
not reduce crop water consumption to the same ex-
tent because whole canopies may still consume equal
amounts or more, instead of less, water due to an in-
crease in total leaf area (Riedo et al., 1999; Hui et al.,
2001), particularly in C3 species such as wheat or cot-
ton (Kang et al., 2002) which are more responsive
to increasing CO2 compared to C4 plants. The extent
of this compensatory effect is influenced by N fer-
tilization because of limitations of the CO2 enhance-
ment by low nutrient supply (McKee and Woodward,
1994). At a seasonal time scale, elevated CO2 reduced
evapotranspiration of wheat by 9% when fertilized
with 35 g N m−2 or 16% when fertilized with only
7 g N m−2 (Grant et al., 2001). The increase in crop
WUE due to elevated CO2 typically is less than 75%
of that measured at the leaf level (Polley, 2002). In
sorghum, crop evapotranspiration was reduced by 10%
due to CO2 enrichment, and WUE based on grain yield
increased by 9 and 19% in wet and dry plots, respec-
tively (Conley et al., 2001). This suggests that in the
absence of major global warming future water require-
ments for irrigated sorghum will be slightly lower than
at present, while dryland productivity may be higher.
An effect of elevated CO2 on crop water-use af-
fects soil moisture content. Soil moisture tends to be
higher under crops exposed to elevated CO2, as com-
pared to ambient CO2, as observed in tallgrass prairie
(Owensby et al., 1999), and in FACE experiments with
different crops (Kimball et al., 2002). This increase
in soil moisture is important for biological processes
in the soil, including litter decomposition (Dukes and
Hungate, 2002).
Because of the co-occurrence of high O3 levels dur-
ing warm weather, combined with reduced soil mois-
ture, interactions between O3 stress and WUE are im-
portant. Reduced leaf WUE in response to O3 was
found, for instance, in wheat (Saurer et al., 1991;
Nussbaum et al., 1995) and soybean (Vozzo et al.,
1995). This effect may be linked to direct negative ef-
fects of O3 on stomatal functioning (Leipner et al.,
2001; McAinsh et al., 2002), or the stronger sensitivity
of photosynthetic CO2 fixation relative to the stomatal
conductance to water vapor (Saurer et al., 1991). But
because of a concurrent reduction in crop biomass, O3
is not likely having an effect on total crop water con-
sumption. Conversely, under dry conditions, stomatal
limitation of O3 uptake is higher and thus the plants
are partially protected from short-term O3 impacts
(Tingey and Hogsett, 1985; Bungener et al., 1999).
4. Weeds, insect pests and diseases
The occurrence of plant pests (weeds, insects or
microbial pathogens) is an important constraint with
global average yield losses estimated at about 40%
(Oerke et al., 1994), and production costs significantly
dependent on the extent of measures necessary for
plant protection. Consequently, changes in the occur-
rence of pests due to changes in the atmospheric condi-
tions are of both ecological and economic importance.
4.1. Weeds
Weeds cause substantial crop losses particularly
in less-developed agricultural production systems
(Parker and Fryer, 1975), and most cultivation and
tillage practices are for weed control. In general,
any direct or indirect consequence of increasing CO2
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or O3, or climate change, which differentially af-
fect the growth or fitness of weeds and crops, will
alter crop–weed competitive interactions (Patterson,
1995a). The result may be favoring the weed in one
case, or the crop may benefit in another situation. Un-
fortunately, virtually nothing is known about effects of
elevated O3 on crop–weed interactions (see review by
Fuhrer and Booker, 2003), but O3, as any environmen-
tal factor which affects the growth of agronomically
important species, may potentially affect the ability of
weeds and crops to compete for common resources.
In the case of aggressive weed species of tropical
and subtropical origins, which are currently restricted
to Mediterranean environments, future climatic condi-
tions may lead to an expansion of their potential range
in to temperate regions. An example would be itch-
grass,Rottboellia cochinchinensis, which is currently
restricted to the sugarcane (Saccharumspp.) planta-
tions in the southern US (Patterson, 1995a). But the
effect of climate change will likely be different in a
high-CO2 world. Weed and crop species differing in
photosynthetic pathway (C3 versus C4) respond differ-
ently to elevated CO2 and other environmental changes
(Patterson, 1995b), with C3 species being favored by
increased CO2 (Patterson et al., 1999). When culti-
vated together with either of these two weed species,
soybean seed yield was reduced at both ambient and
elevated CO2 relative to the weed-free control (Ziska,
2000). The decrease in yield was associated with a
65% increase in dry weight of the C3 weed at elevated
CO2, whereas in the combination with the C4 weed,
the yield loss was reduced less at elevated, as com-
pared to ambient CO2. The most interesting observa-
tion made in this study was that the presence of weeds
reduced the ability of soybean to respond positively
to elevated CO2, particularly in the combination with
the C3 weed (Table 2). A possible explanation would
be that weeds compete successfully for resources such
as mineral nutrients, water, light, or all three, and thus
limit the ability of the crop to assimilate extra carbon.
This mechanism may be most important in low-input
systems.
From the 18 most problematic weedy species, 14
are C4 species, whereas the vast majority of impor-
tant food crops are C3 species (Holm et al., 1977). As
pointed out byBunce and Ziska (2000), this relation-
ship may differ between regions. For instance, in the
US, 9 out of 15 worst weeds in the most important
Table 2










Soybean (C3) 340 ± 13 448± 14 +31.8
+C3 weed 261± 18 297± 29 +14.0
+C4 weed 204± 17 329± 27 +61.3
Seed yield
Soybean (C3) 187 ± 8 228± 8 +21.9
+C3 weed 135± 9 141± 15 +4.4
+C4 weed 103± 13 158± 14 +53.4
Total aboveground biomass and seed yield (±standard error) at
maturity for soybean (g m−1 row) at ambient and elevated CO2
(ambient+250l l−1 CO2) when grown with or without the pres-
ence of a C3 weed (lambs’ quarter,Chenopodium albumL.) or a
C4 weed (redroot pigweed,Amaranthus retroflexusL.).
a Data fromZiska (2000).
crops are C3, and a substantial fraction of crops are
C4 (maize, sorghum, millet (Pennisetumspp.), sug-
arcane). Thus, the generalized prediction that in a
CO2-rich atmosphere the world’s major crops will
compete more successfully with the worst agricul-
tural weeds, which are mostly C4 species (Dukes and
Mooney, 1999), may not be accurate. Furthermore,
knowledge of interactive effects of temperature and
elevated CO2 in crop–weed systems is limited. Wild
oats (Avena fatuaL.), a C3 weed typically compet-
ing with wheat, was less responsive to elevated CO2
at higher compared to lower temperatures. However,
the outcome of the crop–weed interaction differed be-
tween near-isogenic lines and may thus be determined
by the plasticity of the response, which could have
adaptive advantages for wild oat at the population level
(O’Donnel and Adkins, 2001).
Crop–weed interactions and their management
may be influenced by the effect of elevated CO2
on herbicide tolerance.Ziska et al. (1999)and
Ziska and Teasdale (2000)observed that the toler-
ance to glyphosate, a widely used, phloem mobile,
post-emergence herbicide, was higher in the C3 weed
species Lamb’s-quarters (Chenopodium albumL.)
when the plants were grown at elevated CO2, as com-
pared to the ambient CO2 treatment. This effect could
not be explained by increased plant size alone. Con-
versely, herbicide tolerance in the C4 species redroot
pigweed (Amaranthus retroflexusL.) was unaffected
by CO2. This observation suggests an increased
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presence of certain weeds in herbicide-treated crop-
ping systems with increasing CO2.
Establishment of weeds may be favored at ele-
vated CO2 because of the increase in soil moisture,
or slower drying of the soil under non-irrigated crops
(see above). Like in any mixed-species competition,
the specific CO2 responses may depend on resource
availability. In systems with limiting soil moisture,
species that can take advantage of the extra moisture
will be favored (Dukes and Mooney, 1999). On grass-
lands, where effects of stomatal closure may not be
negated by an increase in leaf temperature and leaf
area, rising CO2 concentration could slow the deple-
tion of soil water by the grasses and potentially favor
shrubs, as discussed byPolley et al. (1997). However,
the situation is complicated because of (i) the pres-
ence of a large number of interacting species, (ii) the
importance of succession, and (iii) the heterogeneity
of resource availability. In their review,Dukes and
Mooney (1999)pointed out that elevated CO2 may
slow the process of succession in grasslands, which
would increase the dominance of non-native species
in many ecosystems. Conversely, the results from an
experiment in which climate and management were
manipulated revealed a hidden potential of native
species to establish beyond their current range of
distribution and in the absence of eutrophication and
disturbance they may achieve dominance over many
recognized weeds (Buckland et al., 2001).
The above results stress the complexity of the inter-
actions between weeds and crops or grassland species
in relation to global change. Further experiments
with different crop–weed systems under a range of
atmospheric and edaphic conditions are needed to
allow for more accurate predictions. But it seems
certain that crop–weed interactions will be affected
by global change components, and that weed-induced
yield losses may differ from those estimated under
current conditions. Thus, estimates of yield stimu-
lation by elevated CO2 may be too high if effects
from competition with weeds are ignored, unless
management adapts flexibly. However, problems as-
sociated with the spread of weed and alien species
under future atmospheric conditions may become
even greater with the decline in intensive agriculture
and management (Muller, 1996), and a similar trend
could occur with the expansion of organic farming
practices.
4.2. Insect pests
4.2.1. Insect life cycles
Effects of climate change, elevated CO2, and other
global change factors, on insect pests and diseases
are rarely taken into account in assessments of possi-
ble impacts on agricultural ecosystems. Both pest and
beneficial insects can be affected by changing envi-
ronmental conditions, either directly or indirectly via
changes in host physiology and chemical composition,
or via effects on predators, competitors, and insect
pathogens (Patterson, 1995a). It is generally expected
that with climate warming in mid- to high-latitude re-
gions insect pests become more abundant.
Climate warming affects insect life cycles because
of the temperature control of the processes involved.
Patterson et al. (1999)provided an extensive list of
climatic thresholds and responses for the phenolog-
ical development of pest insects. Exceeding critical
thresholds has implications, for instance, for mortal-
ity or fecundity, and increased cumulative temperature
(in degree-days) potentially increases the number of
generations (Porter et al., 1991). The main effect of
climate warming in the temperate zone is believed to
be a change in winter survival, while at northern lat-
itudes shifts in phenology in terms of growth and re-
production, may be of prime importance (Bale et al.,
2002). However, temperature effects may depend on
photoperiod, and climate warming disturbs the syn-
chrony between temperature and photoperiod.
In addition to the more local effects on insect pop-
ulations, shifts in climate are also likely to affect the
geographical range. For instance, model simulations
predicted that climate change may lead to northwards
shift in the potential distribution of the European corn
borer (Ostrinia nubilalisHübner) of up to 1200 km, or
between 165 and 500 km for each 1◦C raise in tem-
perature, with an additional generation found in all re-
gions where it currently occurs (Porter et al., 1991).
Other examples for the expansion of insect ranges
were reviewed byPatterson et al. (1999). However,
expansions may be limited by the ability of the host
plant to move. Each species in a multi-trophic sys-
tem may respond differently to changing temperature
(Fig. 3). Migrant pests may respond more quickly to
climate change than plants and could colonize crops
already present at distant locations, as suggested by
Cannon (1998), who illustrated this possibility by the
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Fig. 3. Hypothetical functions for growth rates of three species in
a tritrophic system at constant resource across temperature (after
Guiterrez, 2000).
recent changes in the distribution of species from in-
sect orders such as odonata, orthoptera and lepidoptera
in NW Europe.
Drought can lead to changes in the host plants,
making them more attractive to insect pests, while
excessive precipitation associated with water logging
may have direct negative effects on soil dwelling
insects (Watt and Leather, 1986), or indirect effects
through changes in insect pathogens, predators and
parasites (Raulston et al., 1992). Higher summer
rainfall could result in increased vegetation cover,
leading to increased abundance ofAuchenorrhyncha
(homoptera), a major component of the insect fauna
of grasslands, while increased summer drought had
the opposite effect on vegetation cover with no related
effect on the insect (Masters et al., 1998). In some re-
gions such as Australia, the size and quality of insect
populations are determined by the high variability in
rainfall, which may change over time (Drake, 1994).
Extremes like droughts or floods are important trig-
gers for the outbreak of insects within their normal
range, and shifts in the probability of such trigger
events may be an important aspect of climate change
effects on agricultural ecosystems.
Finally, it should be noted that the impact of climate
change, involving changes in over-wintering, popu-
lation growth rates, number of generations, dispersal
and migration, host–insect synchronization, etc. may
largely depend on insect phenotypic or genotypic
flexibility. The direct effects of temperature on insects
are likely to differ among species, depending on their
current environment and life-histories, and their abil-
ity to adapt (Bale et al., 2002), and given the many
interactions between ecosystem processes, human
influences, and environmental conditions, long-term
predictions remain difficult.
4.2.2. Insect herbivory
Recent research on the effects of elevated CO2
has revealed some important aspects of insect her-
bivory associated with changes in plant composition.
Relevant changes in the chemical composition of
the host include increased C:N ratio, altered con-
centrations of allelochemicals, non-structural carbo-
hydrates, starch and fiber contents (Lincoln et al.,
1993), or increased concentrations of substances in-
volved in disease resistance (Idso and Idso, 2001).
In several studies, decreased N and increased carbo-
hydrate concentrations were found to be correlated
with increased insect food consumption. Larvae of
Polymmatus icarus(leptidoptera, lycaenida) feeding
on leaves ofLotus corniculatusL. (fabaceae) devel-
oped faster and were heavier due to more suitable
and better digestible leaves containing higher car-
bohydrate concentrations (Goverde et al., 1999). In
contrast, lower protein intake as a result of changed
leaf composition under elevated CO2 decreased the
growth rates of Colorado beetle (Leptinotarsa de-
cemlineataSay) larvae feeding on potato leaves (see
Miglietta et al., 2000). From the analysis of data from
61 plant–herbivore interactions,Bezemer and Jones
(1998) concluded that leaf chewers can compensate
for decreased N content by strongly increasing their
food consumption, in contrast to leaf miners with only
a small increase, and seed-eaters showing no effect.
The response of leaves-sucking insects such as mites
may be affected negatively due to increased epider-
mis thickness and specific-leaf weight with elevated
CO2, as suggested byJoutei et al. (2000). However,
in white clover elevated CO2 had not effect on leaf
thickness (Fisher et al., 1997). CO2 enrichment in-
creased the rate of reproduction of twospotted spider
mite (Tetranychus urticaeKoch.) through an increase
in the non-structural carbohydrate content (Heagle
et al., 2002). Similarly, phloem-feeding aphids often
respond positively in terms of population density to
elevated CO2 (Whittacker, 1999). A positive effect
of CO2 was found for the aphidMyzus persicae
Sulzer on groundsel (Senecio vulgarisL.) and annual
blue grass (Poa annuaL.) (Bezemer et al., 1998),
and for Aulacorthum solaniKalt. on bean (Awmack
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et al., 1997)andSitobion avenaeF. on winter wheat
(Awmack et al., 1996). An increase in aphid perfor-
mance could lead to larger populations in a high-CO2
world (Awmack et al., 1997). But, depending on the
host plant, the effect on a particular aphid species may
also be negative (Bezemer et al., 1999). Abundance
of the peach-potato aphid (M. persicaeSulzer) was
enhanced by elevated CO2 and increased temperature,
whereas one of the aphid’s parasitoids,Aphidius ma-
tricariae Haliday, was stimulated only by warming
(Bezemer et al., 1998). The influence of temperature
is important because elevated CO2 causes increased
leaf temperatures (see above), and a small increase
in temperature can affect fecundity of insects, as
suggested byHeagle et al. (2002).
At the whole plant level, the damaging effect of
herbivores may be compensated by increased leaf pro-
duction leading to increased rather than decreased pho-
tosynthetic performance in some species, as shown for
milkweed byHughes and Bazzaz (1997). Insect feed-
ing with Spodeptera exiguaHübner (beet armyworm)
in sugar beet reduced plant growth at ambient but not
at elevated CO2 (Caulfield and Bunce, 1994). At the
community level, the situation is even more complex,
and preferential herbivore feeding on one species may
have an indirect effect on other species less affected by
the insects (Diaz et al., 1998). The difference in the re-
Fig. 4. Effects of increasing O3 (left) and CO2 (right) on reproduction of twospotted spider mites (Acari: Tetranychidae) on two white
clover clones (() ozone sensitive clone, NC-S; () ozone tolerant clone, NC-R). Data for ozone fromHeagle et al. (1994), and for CO2
from Heagle et al. (2002).
sponse to elevated CO2 between different plant–insect
combinations presents a further complication and thus
predictions about long-term population responses are
not reliable when based on detailed measurements on
individual aphids (Bezemer et al., 1999).
Elevated O3 caused an increase in ovipositioning
of eggs on tobacco plants (Jackson et al., 1999), and
increased survival and growth response of hornworm
moths (Manducta sextaL.) larvae (Jackson et al.,
2000). Populations of Colorado potato beetle were
not affected by elevated O3 (Costa et al., 2001).
While elevated CO2 tends to reduce the N concen-
tration in leaves, O3 tends to have the exact opposite
effect (Pleijel et al., 1999). Hence, food consumption
by herbivores and population development should be
lower in O3-exposed plants, contrary to the situation
with CO2, but experimental evidence suggests other-
wise.Hummel et al. (1998)found that with increasing
O3 stress, the time required for female mites to de-
velop declined, and increased abundance of twospot-
ted spider mites (T. urticae Koch) was observed on
O3-sensitive clover clones exposed to either increas-
ing O3 (Heagle et al., 1994) or CO2 (Heagle et al.,
2002) (Fig. 4). The relevant nutritive factor in both
cases appears to be the carbohydrate concentration,
not nitrogen, because O3 was found to significantly
increase foliar sugars and starch inT. repensleaves
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(Burns et al., 1997), and elevated CO2 did the same
(Heagle et al., 2002). Hence, with respect to arthropod
herbivores (includingT. urticae), both O3 stress and
elevated CO2 may have stimulating effects through
similar impacts on foliar chemistry. This suggests that
in an atmosphere containing higher levels of CO2
and O3, increased populations of some plant pests
seem possible, which would have implications for pest
management.
4.3. Plant diseases
The occurrence of plant fungal and bacterial pests
depends on climate and weather. Temperature, rain-
fall, humidity, radiation or dew affect the growth and
spread of pathogens, as well as the resistance of the
host plant (Patterson et al., 1999). It is likely that
climate change will have positive, negative or neutral
impacts on specific host–pathogen systems (Coakley
et al., 1999). Neglecting the option of using crops
with genetic modifications, it could be expected that
under climate change conditions milder winters could
favor many crop diseases such as powdery mildew,
brown leaf rust and strip rust, and warmer summers
may provide optimal conditions, for instance, for
cercosporea leaf spot disease (seePatterson et al.,
1999). Alternatively, drier and warmer conditions
during the summer would reduce the incidence of
several crop diseases, including late potato blight,
due to reduced plant susceptibility. But at the same
time, the diseases could spread to currently cooler
regions.
4.3.1. Influence of elevated CO2
Goudriaan and Zadoks (1995)suggested that each
(foliar) fungal pathogen has its own N optimum in the
leaves, and thus changes in the C:N concentration ratio
caused by elevated CO2 may have differential effects
on pathogenic fungi. More recently,Coakley et al.
(1999)have provided a detailed review of the interac-
tion between climate change, elevated CO2 and plant
diseases. Their summary presents conflicting results
from different studies. Through an increase in canopy
density, associated with higher humidity, resulting
in more biomass of higher quality, elevated CO2
could promote foliar diseases such as rust, powdery
mildews, leaf spots, and blights. For instance, an en-
larged canopy of shrubby stylos (Stylosanthes scabra
Schumacher) could trap more conidia of anthracnose
(Colletotrichum gloeosporioidesPenz.) that, together
with increased humidity, would led to more severe
anthracnose on plants grown at high CO2. However,
Coakley et al. (1999)also referred to recent studies of
host–pathogen interactions showing that elevated CO2
can increase host resistance or reduce aggressiveness
of the pathogen. This may be due to enhanced pro-
duction of defense-related substances, or structural
changes in the host tissues. In contrast, higher tem-
perature may increase the plant’s susceptibility due
to inactivation of temperature-sensitive resistance.
4.3.2. Influence of temperature
In forage species, increased lignification under
warmer conditions may have a positive effect on plant
resistance to fungal attack. However, as in the case
of insect pests, impact models predict that higher
winter temperatures may favor pathogen survival and,
consequently, increase the amount of initial inocu-
lum present, whereas drier conditions during summer
time would reduce the risk of infection by pathogens
that require leaf wetness or wet soils for infection.
However,Coakley et al. (1999)cautioned the value
of these predictions because of the many interactions
between environment, host, pathogen, and human in-
terference, which are not considered in most models.
Based on empirical climate–disease models estab-
lished with a limited set of observational data,Jahn
et al. (1996)predicted that an increase in temperature,
combined with less precipitation could (i) increase
leaf rust of wheat and barley (Puccinia triticina, for-
merly reconditaf. sp. tritici ) and powdery mildew of
sugar beet (Erysiphe betae), (ii) decrease infestation
levels caused by foot rot and leaf blotch diseases, and
(iii) cause no change in powdery mildew on small
grains. Further analysis of epidemiological data from
long-term observations, in combination with climate
change scenarios derived for specific sites, may help
to improve the reliability of predictions.
4.3.3. Influence of O3
Ozone effects on plants lead to altered disease
susceptibility, but the effect is variable. As observed
by von Tiedemann et al. (1991), powdery mildew
(Erysiphe graminisDC. f. sp. tritici Marchal), leaf
spot disease (Septoria nodorumBerk.), and spot blotch
following inoculation with Bipolaris sorokiniana
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Sacc. were significantly enhanced by exposure of
wheat flag leaves to O3. Conversely,Plazek et al.
(2001) found a positive effect of O3 on resistance
of barley and fescue toB sorokiniana, and in rape
to Phoma lingam. In a more recent study, leaf rust
disease (Puccinia reconditef. sp. tritici ) on wheat
leaves was strongly inhibited by O3, but was largely
unaffected by elevated CO2 both in the presence and
absence of O3 stress (von Tiedemann and Firsching,
2000). In the field, the incidence of powdery mildew
was reduced because of negative effects of O3 on
canopy structure resulting in a drier canopy microcli-
mate, while infections caused by facultative pathogens
were generally increased (Fuhrer, unpublished data).
This would suggest that under altered climatic con-
ditions favoring infection pressure, plants weakened
by O3 stress may be particularly susceptible. But the
interaction between O3 and pathogens may be deter-
mined primarily by the timing of O3 exposure rela-
tive to the presence of the inoculation.Sandermann
(2000) suggested that O3 stress may induce a burst
of active oxygen species, which triggers the plant
defense system in the leaves (systemic acquired re-
sistance, hypersensitive response). Thus, the outcome
of plant–pathogen interactions may strongly vary
with timing, stage of plant development, predisposing
factors, and environmental conditions.
5. Implications for management
Factors which limit productivity today are also
subject to future changes, including biotic and abi-
otic stresses, and the direct effects of increased CO2,
O3 or temperature on the plants may be of less im-
portance than effects on the plants’ ability to cope
with the change in factors limiting or reducing yields.
This raises the question of how management may
need to adapt in order to mitigate the change in these
factors under future atmospheric conditions. Major
management adjustments could be necessary in terms
of resource management. Irrigation management may
need to be adapted to changes in precipitation patterns
and amounts.Williams et al. (2001)suggested that in
order to preserve soil quality adaptations may include
systems that are less prone to erosion and produce
higher yielding crops as well as those more adapted
to warmer, wetter springs, and hotter summers. Shifts
in the selection of crop cultivars may be necessary to
adapt to shorter growing seasons and earlier planting
dates (Dale, 1997). Because of the influence of ele-
vated CO2 and increasing temperatures on nitrogen
cycling, adjustments are also necessary in terms of
nutrient management. Timing and amount of fertil-
izer application depend on both crop demand and
mineralization–immobilization processes, which are
influenced by climate and CO2. Furthermore, the use
of crops with improved genetics may become increas-
ingly important, and traditional breeding and seed
production may produce specific agronomical, mor-
phological and physiological plant traits which could
increase or stabilize yields in stressful environments
(Kobiljski and Dencic, 2001). However, to define the
targets for breeding programs, or genetic improve-
ments, it is important to understand the key plant
characteristics. For instance, to cope with increasing
risks form O3 pollution in regions with growing food
demands, the use of crops with improved O3 toler-
ance would be an option. As discussed byFuhrer and
Booker (2003), this could be achieved by increas-
ing the plant’s capacity to detoxify activated oxygen
species in the apoplast.
Recent research initiatives have been directed to-
wards increasing the understanding of potential global
change impacts on plant pests and developing better
predictive capabilities (Scherm et al., 2000). Because
insect and plant species show individualistic responses
to temperature, CO2 and other factors, it is expected
that climate change will affect the temporal and spatial
association between species interacting at different
trophic levels (Harrington et al., 1999). While aver-
ages of climatic conditions only explain vegetation
distribution to a limited extent, it is the frequency,
intensity and scale of extreme events that probably
most determine ecosystems. Greater fluctuations in
the extremes affect the functioning, and phenology
and regeneration (Shugart, 1998; Walker et al., 1999),
and they can have a marked selection on species or
genotypes. This is equally important for plant species
and for pests, but the plasticity in the response may
by larger in the case of the latter. Extremes can act as
important trigger event for pest and disease outbreaks.
With the introduction of transgenic crops created for
pest and/or disease resistance, the picture drawn here
in terms of possible responses of conventional crops
may change, but little is known about the sensitivity of
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genetically modified plants to increasing CO2, O3 or
other factors.
6. Conclusions
Global climate change, increasing CO2, and re-
gional O3 pollution are three important aspects of the
changing atmosphere with pronounced effects on all
agricultural ecosystems, but the exact outcome of the
interactive effects cannot be predicted in any general-
ized way. Information gained from experiments with
a single factor have little predictive value because in
reality, variable combinations of limiting factors,
differing in their temporal and spatial variability,
are interacting, and ecosystem responses to inter-
acting global changes may differ greatly from sim-
ple combinations of single-factor responses (Shaw
et al., 2002). The situation is even more complicated
when plant–plant interactions, or feedbacks operating
through the soil are considered. The data reviewed here
suggest that many of the beneficial effects of elevated
CO2, including higher yield, improved resource-use
efficiency, reduced susceptibility to some fungal
pathogens, or increased O3 tolerance could be reduced
or even lost in a warmer world. There is also emerging
evidence that in some grassland ecosystems elevated
CO2 may suppress the positive effects of increasing
temperature and resource availability on productivity.
Effects of a gradual change in climate may develop
slowly and may not be noticeable against the back-
ground of impacts of natural multi-decadal climate
variability (Hulme et al., 1999). Also, much larger
socio-economic effects in the agricultural sector of
individual countries (Flückiger and Rieder, 1997)
may mask any influence of a slowly developing tran-
sient climatic change, and modern societies are able
to make technological and economic adjustments (see
Rosenzweig and Hillel, 1998). However, as suggested
by McMichael (2001), climate change is likely to de-
press crop yields especially in food-insecure regions,
and increased climate variability further increases the
risks to future food production. Because the potential
for adaptations may be much smaller in less-developed
regions, and in regions where agricultural intensity
declines due to socio-economic constraints, effects of
global climate change and regional air pollution are
likely to become more severe.
Acknowledgements
This review was prepared in the framework of
the Swiss National Science NCCR Climate project
‘GRASS—Climate Change and Food Production.’
Constructive comments from two anonymous re-
viewers and from the Editor-in-Chief were greatly
appreciated.
References
Adams, R.M., Rosenzweig, C., Peart, R.M., Ritchie, J.T., McCarl,
B.A., Glyer, J.D., Curry, R.B., Jones, J.W., Boote, K.J., Allen
Jr., L.H., 1990. Global climate change and US agriculture.
Nature 345, 219–224.
Amthor, J.S., 2001. Effects of atmospheric CO2 concentration on
wheat yield: review of results from experiments using various
approaches to control CO2 concentration. Field Crops Res. 73,
1–34.
Awmack, C.S., Harrington, R., Leather, S.R., Lawton, J.H., 1996.
The impacts of elevated CO2 on aphid plant interactions.
Asp. Appl. Biol. 45, 317–322.
Awmack, C.S., Harrington, R., Leather, S.R., 1997. Host plant
effects on the performance of the aphidAulacorthum solani
(Kalt.) (Homoptera: Aphididae) at ambient and elevated CO2.
Global Change Biol. 3, 545–549.
Baker, B.B., Hanson, J.D., Bourdon, R.M., Eckert, J.B., 1993.
The potential effects of climate change on ecosystem processes
and cattle production on U.S. rangelands. Climatic Change 25,
97–117.
Bale, J.S., Masters, G.J., Hodkinson, I.D., Awmack, C., Bezemer,
T.M., Brown, V.K., Butterfield, J., Buse, A., Coulson, J.C.,
Farrar, J., Good, J.E., Harrington, R., Hartley, S., Jones,
T.H., Lindroth, R.L., Press, M.C., Symrnioudis, I., Watt,
A.D., Whittacker, J.B., 2002. Herbivory in global climate
change research: direct effects of rising temperature on insect
herbivores. Global Change Biol. 8, 1–16.
Batts, G.R., Morison, J.I.L., Ellis, R.H., Hadley, P., Wheeler, T.R.,
1997. Effects of CO2 and temperature on growth and yield of
crops of winter wheat over several seasons. Eur. J. Agron. 7,
43–52.
Batts, G.R., Ellis, R.H., Morison, J.I.L., Nkemka, P.N., Gregory,
P.J., Hadley, P., 1998. Yield and partitioning in crops of
contrasting cultivars of winter wheat in response to CO2 and
temperature in field studies using temperature gradient tunnels.
J. Agric. Sci. 130, 17–27.
Benton, J., Fuhrer, J., Gimeno, B.S., Skärby, L., Palmer-Brown,
D., Ball, G., Roadknight, C., Mills, G., 2000. An international
cooperative programme indicates the widespread occurrence of
ozone injury on crops. Agric. Ecosys. Environ. 78, 19–30.
Bezemer, T.M., Jones, T.H., 1998. Plant–insect herbivore
interactions in elevated atmospheric CO2: quantitative analyses
and guild effects. Oikos 82, 212–222.
16 J. Fuhrer / Agriculture, Ecosystems and Environment 97 (2003) 1–20
Bezemer, T.M., Jones, T.H., Knight, K.J., 1998. Long-term effects
of elevated CO2 and temperature on populations of the
peach potato aphid Myzus persicae and its parasitoidAphidius
matricariae. Oecologia 116, 128–135.
Bezemer, T.M., Knight, K.J., Newington, J.E., Jones, T.H., 1999.
How general are aphid responses to elevated atmospheric CO2?
Ann. Entomol. Soc. Am. 92, 724–730.
Brumbelow, K., Georgakakos, A., 2001. An assessment of
irrigation needs and crop yield for the United States under
potential climate changes. J. Geophys. Res. Atmos. 106, 27383–
27405.
Buckland, S.M., Thompson, K., Hodgson, J.G., Grime, J.P., 2001.
Grassland invasions: effects of manipulations of climate and
management. J. Appl. Ecol. 38, 301–309.
Bunce, J.A., Ziska, L.H., 2000. Crop ecosystem responses to
climatic change: crop/weed interactions. In: Reddy, K.R.,
Hodges, H.F. (Eds.), Climate Change and Global Crop
Productivity. CABI Publishing, Wallingford, UK, pp. 333–352.
Bungener, P., Balls, G.R., Nussbaum, S., Geissmann, M., Grub,
A., Fuhrer, J., 1999. Leaf injury characteristics of grassland
species exposed to ozone in relation to soil moisture condition
and vapour pressure deficit. New Phytol. 142, 271–282.
Burns, J.C., Heagle, A.S., Fisher, D.S., 1997. Nutritive value of
ozone sensitive and resistant ladino white clover clones after
chronic ozone and carbon dioxide exposure. In: Allen, L.,
Kirkham, M.B. (Eds.), Advances in Carbon Dioxide Effects
Research. ASA, Madison, WI, pp. 153–167.
Campbell, B.D., Stafford Smith, M.D., MecKeon, G.M., 1997.
Elevated CO2 and water supply interactions in grasslands: a
pasture and rangelands management perspective. Global Change
Biol. 3, 177–187.
Cannon, R.J.C., 1998. The implications of predicted climate change
for insect pests in the UK, with emphasis on non-indigenous
species. Global Change Biol. 4, 785–796.
Carnol, M., Hogenboom, L., Ewajach, M., Remacle, J., Ceulemans,
R., 2002. Elevated atmospheric CO2 in open-top chambers
increases net nitrification and potential denitrification. Global
Change Biol. 8, 590–598.
Caulfield, F., Bunce, J.A., 1994. Elevated atmospheric carbon
dioxide concentration affects interactions betweenSpodoptera
exigua(Lepidoptera, Noctuidae) larvae and 2 host–plant species
outdoors. Environ. Entomol. 23, 999–1005.
Clifford, S.C., Stronach, I.M., Black, C.R., Singleton-Jones, P.R.,
Azam-Ali, S.N., Crout, N.M.J., 2000. Effects of elevated
CO2, drought and temperature on the water relations and gas
exchange of groundnut (Arachis hypogaea) stands grown in
controlled environment glasshouses. Physiol. Plant 110, 78–88.
Coakley, S.M., Scherm, H., Chakraborty, S., 1999. Climate change
and plant disease management. Ann. Rev. Phytopathol. 37,
399–426.
Conley, M.M., Kimball, B.A., Brooks, T.J., Pinter, P.J., Hunsaker,
D.J., Wall, G.W., Adam, N.R., LaMorte, R.L., Matthias,
A.D., Thompson, T.L., Leavitt, S.W., Ottman, M.J., Cousins,
A.B., Triggs, J.M., 2001. CO2 enrichment increases water-use
efficiency in sorghum. New Phytol. 151, 407–412.
Costa, S.D., Kennedy, G.G., Heagle, A.S., 2001. Effect of
host plant ozone stress on Colorado potato beetles. Environ.
Entomol. 30, 824–831.
Daepp, M., Suter, D., Almeida, J.P.F., Isopp, H., Hartwig, U.A.,
Frehner, M., Blum, H., Nösberger, J., Lüscher, A., 2000. Yield
response ofLolium perenneswards to free air CO2 enrichment
increased over six years in a high N input system on fertile
soil. Global Change Biol. 6, 805–816.
Daepp, M., Nösberger, J., Lüscher, A., 2001. Nitrogen fertilization
and developmental stage alter the response ofLolium perenne
to elevated CO2. New Phytol. 150, 347–358.
Dale, V.H., 1997. The relationship between land-use change and
climate change. Ecol. Appl. 7, 753–769.
Diaz, S., Fraser, L.H., Grime, J.P., Falczuk, V., 1998. The impact
of elevated CO2 on plant–herbivore interactions: experimental
evidence of moderating effects at the community level.
Oecologia 117, 177–186.
Drake, V.A., 1994. The influence of weather and climate on
agriculturally important insects—an Australian perspective.
Aust. J. Agric. Res. 45, 487–509.
Drake, B.G., GonzalezMeler, M.A., Long, S.P., 1997. More
efficient plants: a consequence of rising atmospheric CO2? Ann.
Rev. Plant Physiol. Plant Mol. Biol. 48, 609–639.
Dukes, J.S., Hungate, B.A., 2002. Elevated carbon dioxide and
litter decomposition in California annual grasslands: which
mechanisms matter? Ecosystems 5, 171–183.
Dukes, J.S., Mooney, H.A., 1999. Does global change increase the
success of biological invaders? TREE 14, 135–139.
Fangmeier, A., De Temmerman, L., Mortensen, L., Kemp, K.,
Burke, J., Mitchell, R., Van Oijen, M., Weigel, H.J., 1999.
Effects on nutrients and on grain quality in spring wheat crops
grown under elevated CO2 concentrations and stress conditions
in the European, multiple-site experiment ‘Espace-wheat’. Eur.
J. Agron. 10, 215–229.
Fangmeier, A., Chrost, B., Hogy, P., Krupinska, K., 2000. CO2
enrichment enhances flag leaf senescence in barley due to
greater grain nitrogen sink capacity. Environ. Exp. Bot. 44,
151–164.
FAOSTAT, 1999. Food and Agriculture Organization of the
United Nations, Statistical Databases (http://apps.fao.org/page/
collections?subset=agriculture).
Farage, P.K., Long, S.P., 1992. Ozone inhibition of
photosynthesis—a mechanistic analysis following short-term
and long-term exposure in 3 contrasting species. Photosynth.
Res. 34, 244–254.
Field, C.B., Chapin, F.S., Matson, P.A., Mooney, H.A., 1992.
Responses of terrestrial ecosystems to the changing atmosphere.
Ann. Rev. Ecol. Syst. 23, 201–235.
Fiscus, E.L., Reid, C.D., Miller, J.E., Heagle, A.S., 1997. Elevated
CO2 reduces O3 flux and O3-induced yield losses in soybeans:
possible implications for elevated CO2 studies. J. Exp. Bot. 48,
307–313.
Fisher, D.S., Heagle, A.S., Burns, J.C., 1997. Anatomy of clover
exposed to enriched ozone and carbon dioxide. In: Allen, L.,
Kirkham, M.B. (Eds.), Advances in Carbon Dioxide Effects
Research. ASA, Madison, WI, pp. 169–177.
Flückiger, S., Rieder, P., 1997. Klimaänderung und Land-
wirtschaft—Ökonomische Implikationen innerhalb der Land-
wirtschaft und ihres Umfeldes aus globaler, nationaler und
regionaler Sicht. Vdf, Zurich, Switzerland.
J. Fuhrer / Agriculture, Ecosystems and Environment 97 (2003) 1–20 17
Frederiksen, H.B., Ronn, R., Christensen, S., 2001. Effect of
elevated atmospheric CO2 and vegetation type on microbiota
associated with decomposing straw. Global Change Biol. 7,
313–321.
Fuhrer, J., Booker, F., 2003. Ecological issues of ozone: agricultural
issues. Environ. Int. 29, 141–154.
Fuhrer, J., Lehnherr, B., Moeri, P.B., Tschannen, W.,
Shariat-Madari, H., 1990. Effects of ozone on the grain
composition of spring wheat grown in open-top field chambers.
Environ. Pollut. 65, 181–192.
Fuhrer, J., Skärby, L., Ashmore, M., 1997. Critical levels for ozone
effects on vegetation in Europe. Environ. Pollut. 97, 91–106.
Gill, R.A., Polley, H.W., Johnson, H.B., Anderson, L.J., Maherall,
H., Jackson, R.B., 2002. Nonlinear grassland response to past
and future atmospheric CO2. Nature 417, 279–282.
Gloser, V., Jezikova, M., Lüscher, A., Frehner, M., Blum, H.,
Nösberger, J., Hartwig, U.A., 2000. Soil mineral nitrogen
availability was unaffected by elevated atmospheric pCO2 in a
four-year old field experiment (Swiss FACE). Plant Soil 227,
291–299.
Goudriaan, J., Zadoks, J.C., 1995. Global climate change:
modelling the potential response of agro-ecosystems with
special reference to crop protection. Environ. Pollut. 87, 215–
224.
Goverde, M., Bazin, A., Shykoff, J.A., Erhardt, A., 1999. Influence
of leaf chemistry ofLotus corniculatus(Fabacea) on larval
development ofPolyommatus icarus(Lepidoptera, Lycaenidae):
effects of elevated CO2 and plant genotype. Funct. Ecol. 13,
801–810.
Grandjean, A., Fuhrer, J., 1989. Growth and leaf senescence in
spring wheat (Triticum aestivumL. cv. Albis) grown at different
ozone concentrations in open-top field chambers. Physiol. Plant
77, 389–394.
Grant, R.F., Garcia, R.L., Pinter, P.J., Hunsaker, D., Wall, G.W.,
Kimball, B.A., LaMorte, R.L., 1995. Interaction between
atmospheric CO2 concentration and water deficit on gas
exchange and crop growth: testing ofecosyswith data from the
Free Air CO2 Enrichment (FACE) experiment. Global Change
Biol. 1, 443–454.
Grant, R.F., Kimball, B.A., Brooks, T.J., Wall, G.W., Pinter, P.J.,
Hunsaker, D.J., Adamsen, F.J., LaMorte, R.L., Leavitt, S.W.,
Thompson, T.L., Matthias, A.D., 2001. Modeling interactions
among carbon dioxide, nitrogen, and climate on energy
exchange of wheat in a free air carbon dioxide experiment.
Agron. J. 93, 638–649.
Grantz, D.A., Farrar, J.F., 1999. Acute exposure to ozone inhibits
rapid carbon translocation from source leaves of pima cotton.
J. Exp. Bot. 50, 1253–1262.
Grantz, D.A., Yang, S.Y., 2000. Ozone impacts on allometry
and root hydraulic conductance are not mediated by source
limitation nor developmental age. J. Exp. Bot. 51, 919–927.
Guiterrez, A.P., 2000. Crop ecosystem responses to climatic
change: pests and population dynamics. In: Reddy, K.R.,
Hodges, H.F. (Eds.), Climate Change and Global Crop
Productivity. CABI Publishing, Wallingford, UK, pp. 353–374.
Harrington, R., Woidwood, I., Sparks, T., 1999. Climate change
and trophic interactions. TREE 14, 146–150.
Hartwig, U.A., Lüscher, A., Nösberger, J., van Kessel, C., 2002.
Nitrogen-15 budget in model ecosystems of white clover
and perennial ryegrass exposed for four years at elevated
atmospheric pCO2. Global Change Biol. 8, 194–202.
Heagle, A.S., 1989. Ozone and crop yield. Ann. Rev. Phytopathol.
27, 397–423.
Heagle, A.S., Miller, J.E., Sherrill, D.E., Rawlings, J.O., 1993.
Effects of ozone and carbon dioxide mixtures on 2 clones of
white clover. New Phytol. 123, 751–762.
Heagle, A.S., Brandenburg, R.K., Burns, J.C., Miller, J.E., 1994.
Ozone and carbon-dioxide effects on spider-mites in white
clover and peanut. J. Environ. Qual. 23, 1168–1176.
Heagle, A.S., Miller, J.E., Pursley, W.A., 1998. Influence of ozone
stress on soybean response to carbon dioxide enrichment. III.
Yield and seed quality. Crop Sci. 38, 128–134.
Heagle, A.S., Miller, J.E., Booker, F.L., Pursley, W.A., 1999.
Ozone stress, carbon dioxide enrichment, and nitrogen fertility
interactions in cotton. Crop Sci. 39, 731–741.
Heagle, A.S., Miller, J.E., Pursley, W.A., 2000. Effects of ozone
and carbon dioxide interactions on growth and yield of winter
wheat. Crop Sci. 40, 1656–1664.
Heagle, A.S., Burns, J.C., Fisher, D.S., Miller, J.E., 2002. Effects of
carbon dioxide enrichment on leaf chemistry and reproduction
by twospotted spider mites (Acari: Tetrachynidae) on white
clover. Environ. Entomol. 31, 594–601.
Hebeisen, T., Lüscher, A., Zanetti, S., Fischer, B.U., Hartwig, U.A.,
Frehner, M., Hendrey, G.R., Blum, H., Nösberger, J., 1997. The
different responses ofTrifolium repensL. and Lolium perenne
L. grassland to free air CO2 enrichment and management.
Global Change Biol. 3, 149–160.
Holm, L.G., Plucknett, D.L., Pancho, J.V., Herberger, J.P., 1977.
The World’s Worst Weeds: Distribution and Biology. University
of Hawaii Press, Honolulu, HI.
Hughes, L., Bazzaz, F.A., 1997. Effect of elevated CO2 on
interactions between the western flower thrips,Frankliniella
occidentalis (Thysanoptera: Thripidae) and the common
milkweed,Asclepias syriaca. Oecologia 109, 286–290.
Hui, D.F., Luo, Y.Q., Cheng, W.X., Coleman, J.S., Johnson, D.W.,
Sims, D.A., 2001. Canopy radiation- and water-use efficiencies
as affected by elevated CO2. Global Change Biol. 7, 75–91.
Hulme, M., Barrow, E.M., Arnell, N.W., Harrison, P.A., Johns,
T.C., Downing, T.E., 1999. Relative impacts of human-induced
climate change and natural climate variability. Nature 397, 688–
691.
Hummel, R.L., Brandenburg, R.L., Heagle, A.S., Arellano, C.,
1998. Effects of ozone on reproduction of twospotted spider
mite (Acari: Tatrachynidae) on white clover. Environ. Entomol.
27, 388–394.
Idso, S.B., Idso, K.E., 2001. Effects of atmospheric CO2
enrichment on plant constituents related to animal and human
health. Environ. Exp. Bot. 45, 179–199.
Ineson, P., Coward, P.A., Hartwig, U.A., 1998. Soil gas fluxes of
N2O, CH4 and CO2 beneathLolium perenneunder elevated
CO2: the Swiss free air carbon dioxide enrichment experiment.
Plant Soil 198, 89–95.
IPCC, 2001. In: Houghton, J.T., Ding, Y., Griggs, D.J., Noguer,
M., van der Linden, P.J., Xiaosu, D. (Eds.), Climate Change
18 J. Fuhrer / Agriculture, Ecosystems and Environment 97 (2003) 1–20
2001: The Scientific Basis. Cambridge University Press, UK
(http://www.ipcc.ch).
Jackson, D.M., Heagle, A.S., Eckel, R.V.W., 1999. Ovipositonal
response of tobacco hornworm moths (Lepidoptera: Sphingidae)
to tobacco plants grown under elevated levels of ozone. Environ.
Entomol. 28, 566–571.
Jackson, D.M., Rufty, T.W., Heagle, A.S., Severson, R.F., Eckel,
R.V.W., 2000. Survival and development of tobacco hornworm
larvae on tobacco plants grown under elevated levels of ozone.
J. Chem. Ecol. 26, 1–19.
Jahn, M., Kluge, E., Enzian, S., 1996. Influence of climate diversity
on fungal diseases of field crops—evaluation of long-term
monitoring data. Asp. Appl. Biol. 45, 247–252.
Jastrow, J.D., Miller, R.M., Owensby, C.E., 2000. Long-term
effects of elevated CO2 on below-ground biomass and
transformations to soil organic matter in grassland. Plant Soil
224, 85–97.
Joutei, A.B., Roy, J., Van Impe, G., Lebrun, P., 2000. Effect of
elevated CO2 on the demography of a leaf-sucking mite feeding
on bean. Oecologia 123, 75–81.
Kammann, C., Grünhage, L., Jäger, H.J., 1999. The effect of
rising CO2 on N2O emissions from a seminatural wet grassland
ecosystem: first results from the University of Giessen free air
CO2 enrichment study. In: Proceedings of the 10th Nitrogen
Workshop, vol. 1, The Royal Veterinary and Agricultural
University, Copenhagen, Denmark, pp. 11–17.
Kang, S.Z., Zhang, F.C., Hu, X.T., Zhang, J.H., 2002. Benefits
of CO2 enrichment on crop plants are modified by soil water
status. Plant Soil 238, 69–77.
Kimball, B.A., Kobayashi, K., Bindi, M., 2002. Responses of
agricultural crops to free-air CO2 enrichment. Adv. Agron. 77,
293–368.
Kobiljski, B., Dencic, S., 2001. Global climate change: challenge
for breeding and seed production of major field crops. J. Genet.
Breed. 55, 83–90.
Kollist, H., Moldau, H., Mortensen, L., Rasmussen, S.K.,
Jorgensen, L.B., 2000. Ozone flux to plasmalemma in barley and
wheat is controlled by stomata rather than by direct reaction of
ozone with cell wall ascorbate. J. Plant Physiol. 156, 645–651.
Krupa, S.V., Kickert, R.N., Jäger, H.-J., 1998. Elevated Ultraviolet
(UV)-B Radiation and Agriculture. Springer, Berlin.
Lehnherr, B., Grandjean, A., Mächler, F., Fuhrer, J., 1997.
The effect of ozone in ambient air on ribulose bisphophate
carboxylase/oxygenase activity decreases photosynthesis and
grain yield in wheat. J. Plant Physiol. 130, 189–200.
Leipner, J., Oxborough, K., Baker, N.R., 2001. Primary sites
of ozone induced perturbations of photosynthesis in leaves:
identification and characterization in Phaseolus vulgaris using
high resolution chlorophyll fluorescence imaging. J. Exp. Bot.
52, 1689–1696.
Lincoln, D.E., Fajer, E.D., Johnson, R.H., 1993. Plant insect
herbivore interactions in elevated CO2 environments. TREE 8,
64–68.
Lockwood, J.G., 1999. Is potential evapotranspiration and its
relationship with actual evapotranspiration sensitive to elevated
atmospheric CO2 levels? Climatic Change 41, 193–212.
Long, S.P., 1991. Modification of the response of photosynthetic
productivity to rising temperature by atmospheric CO2
concentrations: has its importance been underestimated? Plant
Cell Environ. 14, 729–739.
Lüscher, A., Hartwig, U.A., Suter, D., Nösberger, J., 2000. Direct
evidence that symbiotic N2 fixation in fertile grassland is an
important trait for a strong response of plants to elevated CO2.
Global Change Biol. 6, 655–662.
Martin-Olmedo, P., Rees, R.M., Grace, J., 2002. The influence of
plants grown under elevated CO2 and N fertilization on soil
nitrogen dynamics. Global Change Biol. 8, 643–657.
Masters, G.J., Brown, V.K., Clarke, I.P., Whittaker, J.B., Hollier,
J.A., 1998. Direct and indirect effects of climate change
on insect herbivores:Auchenorrhyncha(Homoptera). Ecol.
Entomol. 23, 45–52.
McAinsh, M.R., Evans, N.H., Montgomery, L.T., North, K.A.,
2002. Calcium signalling in stomatal response to pollutants.
New Phytol. 153, 441–447.
McKee, I.F., Woodward, F.I., 1994. CO2 enrichment response of
wheat—interactions with temperature, nitrate and phosphate.
New Phytol. 127, 447–453.
McKee, I.F., Farage, P.K., Long, S.P., 1995. The interactive effects
of elevated CO2 and O3 concentration on photosynthesis in
spring wheat. Photosynth. Res. 45, 111–119.
McKee, I.F., Eiblmeier, M., Polle, A., 1997. Enhanced
ozone-tolerance in wheat grown at an elevated CO2
concentration: ozone exclusion and detoxification. New Phytol.
137, 275–284.
McMichael, A.J., 2001. Impact of climatic and other environmental
changes on food production and population health in coming
decades. Proc. Nutr. Soc. 60, 195–201.
Miglietta, F., Bindi, M., Vaccai, F.P., Schapendonk, A.H.C.M.,
Wolf, J., Butterfield, R.E., 2000. Crop ecosystem responses
to climatic change root and tuberous crops. In: Reddy,
K.R., Hodges, H.F. (Eds.), Climate Change and Global Crop
Productivity. CABI Publishing, Wallingford, UK, pp. 189–212.
Mitchell, R.A.C., Mitchell, V.J., Lawlor, D.W., 2001. Response
of wheat canopy CO2 and water gas exchange to soil water
content under ambient and elevated CO2. Global Change Biol.
7, 599–611.
Morison, J.I.L., Lawlor, D.W., 1999. Interactions between
increasing CO2 concentration and temperature on plant growth.
Plant Cell Environ. 22, 659–682.
Muller, S., 1996. Introductive report to the symposium
‘Biodiversity and Grassland Management’: determinism and
evolution of biodiversity in grassland ecosystems. Acta Bot.
Gall. 143, 233–238.
Nijs, I., Teughels, H., Blum, H., Hendrey, G., Impens, I., 1996.
Simulation of climate change with infrared heaters reduces
the productivity of Lolium perenneL. in summer. Environ.
Exp. Bot. 36, 271–280.
Norby, R.J., Cotrufo, M.F., Ineson, P., O’Neill, E.G., Canadell,
J.G., 2001. Elevated CO2, litter chemistry, and decomposition:
a synthesis. Oecologia 127, 153–165.
Nussbaum, S., Geissmann, M., Fuhrer, J., 1995. Effects of nitric
oxide and ozone on spring wheat (Triticum aestivumL.). Water
Air Soil Pollut. 85, 1449–1454.
O’Donnel, C.C., Adkins, S.W., 2001. Wild oat and climate change:
the effect of CO2 concentration, temperature, and water deficit
J. Fuhrer / Agriculture, Ecosystems and Environment 97 (2003) 1–20 19
on the growth and development of wild oat in monoculture.
Weed Sci. 49, 694–702.
Oerke, E.C., Dehne, H.W., Schönbeck, F., Weber, A., 1994. Crop
Production and Crop Protection: Estimated Losses in Major
Food and Cash Crops. Elsevier, Amsterdam.
Ottman, M.J., Kimball, B.A., Pinter, P.J., Wall, G.W., Vanderlip,
R.L., Leavitt, S.W., La Morte, R.L., Matthias, A.D., Brooks,
T.J., 2001. Elevated CO2 increases sorghum biomass under
drought conditions. New Phytol. 150, 261–273.
Owensby, C.E., Coye, P.I., Ham, J.M., Auen, L.M., Knapp,
A.K., 1993. Biomass production in a tallgrass prarie ecosystem
exposed to ambient and elevated CO2. Ecol. Appl. 3, 644–653.
Owensby, C.E., Ham, J.M., Knapp, A.K., Auen, L.M., 1999.
Biomass production and species composition change in a
tallgrass prairie ecosystem after long-term exposure to elevated
atmospheric CO2. Global Change Biol. 5, 497–506.
Pan, Y., McGuir, D., Kicklighter, D.W., Melillo, J.M., 1996. The
importance of climate and soils for estimates of net primary
production: a sensitivity analysis with the terrestrial ecosystem
model. Global Change Biol. 2, 5–23.
Parker, C., Fryer, J.D., 1975. Weed Control Problems Causing
Major Reductions in World Food Surpluses. FAO Plant Prot.
Bull. 23, 83–95.
Parry, M.L., 1990. Climate Change and World Agriculture.
Earthscan, London.
Parton, W.J., Scurlock, J.M.O., Ojima, D.S., Schimel, D.S., Hall,
D.O., 1995. Impact of climate change on grassland production
and soil carbon worldwide. Global Change Biol. 1, 13–22.
Patterson, D.T., 1995a. Weeds in a changing climate. Weed Sci.
43, 685–701.
Patterson, D.T., 1995b. Effects of environmental stress on
weed/crop interactions. Weed Sci. 43, 483–490.
Patterson, D.T., Westbrook, J.K., Joyce, R.J.V., Lingren, P.D.,
Rogasik, J., 1999. Weeds, insects, and diseases. Climatic
Change 43, 711–727.
Pell, E.J., Eckardt, N.A., Glick, R.E., 1994. Biochemical and
molecular basis for the impairment of photosynthetic potential.
Photosynth. Res. 39, 453–462.
Plazek, A., Hura, K., Rapacz, H., Zur, I., 2001. The influence of
ozone fumigation on metabolic efficiency and plant resistance
to fungal pathogens. J. Appl. Bot. 75, 8–13.
Pleijel, H., Mortensen, L., Fuhrer, J., Ojanperä, K., Danielsson,
H., 1999. Grain protein accumulation in relation to grain yield
of spring wheat (Triticum aestivumL.) grown in open-top
chambers with different concentrations of ozone, carbon dioxide
and water availability. Agric. Ecosys. Environ. 72, 265–270.
Polley, H.W., 2002. Implications of atmospheric and climatic
change for crop yield. Crop Sci. 42, 131–140.
Polley, H.W., Mayeux, H.S., Johnson, H.B., Tischler, C.R., 1997.
Viewpoint: atmospheric CO2, soil water, and shrub/grass ratios
on rangelands. J. Range Manage. 50, 278–284.
Porter, J.R., Gwaith, M., 1999. Temperatures and the growth and
development of wheat: a review. Eur. J. Agron. 10, 23–36.
Porter, H., Perez-Soba, M., 2001. The growth response of plants
to elevated CO2 under non-optimal environmental conditions.
Oecologia 129, 1–20.
Porter, J.H., Parry, M.L., Carter, T.R., 1991. The potential effects
of climatic change on agricultural insect pests. Agric. Forest
Meteorol. 57, 221–240.
Pritchard, S.G., Rogers, H.H., 2000. Spatial and temporal
development of crop roots in CO2-enriched environments. New
Phytol. 147, 55–71.
Prior, S.A., Torbert, H.A., Runion, G.B., Mullins, G.L., Rogers,
H.H., Mauney, J.R., 1998. Effects of carbon dioxide enrichment
on cotton nutrient dynamics. J. Plant Nutr. 21, 1407–1426.
Rao, M.V., Hale, B.A., Ormrod, D.P., 1995. Amelioration
of ozone-induced oxidative damage in wheat plants grown
under high-carbon dioxide—role of antioxidant enzymes. Plant
Physiol. 109, 421–432.
Raulston, J.R., Pair, S.D., Loera, J., Cabanillas, H.E.,
1992. Prepupal and pupal parasitism ofHelicoverpa zea
and Spodoptera frugiperda (Lepidoptera: Noctuidae) by
Steinernema sp. In corn fields in the lower Rio Grande Valley.
J. Econ. Entomol. 85, 1666–1670.
Reddy, V.R., Baker, D.N., Hodges, H.F., 1991. Temperature effects
on cotton canopy growth, photosynthesis, and respiration.
Agron. J. 83, 699–704.
Reilly, J.M., Schimmelpfennig, D., 1999. Agricultural impact
assessment, vulnerability, and the scope for adaptation. Climatic
Change 43, 745–788.
Riedo, M., Gyalistras, D., Fischlin, A., Fuhrer, J., 1999. Using
an ecosystem model linked to GCM-derived local weather
scenarios to analyse effects of climate change and elevated
CO2 on dry matter production and partitioning, and water use
in temperate managed grasslands. Global Change Biol. 5, 213–
223.
Rogers, H.H., Prior, S.A., Runion, G.B., Mitchell, R.J., 1996. Root
to shoot ratio of crops as influenced by CO2. Plant Soil 187,
229–248.
Rosenzweig, C., Hillel, D., 1998. Climate Change and the Global
Harvest. Oxford University Press, Oxford, UK.
Rosenzweig, C., Parry, M.L., 1994. Potential impact of climate
change on world food supply. Nature 367, 133–138.
Rötter, R., van de Geijn, S.C., 1999. Climate change effects on
plant growth, crop yield and livestock. Climatic Change 43,
651–681.
Rounsevell, M.D.A., Brignall, A.P., Siddons, P.A., 1996. Potential
climate change effects on the distribution of agricultural
grasslands in England and Wales. Soil Use Manage. 12, 44–51.
Samarkoon, A.B., Gifford, R.M., 1996. Elevated CO2 effects on
water use and growth of maize in wet and drying soils. Aust.
J. Plant Physiol. 23, 53–62.
Sandermann, H., 2000. Active oxygen species as mediators of
plant immunity: three case studies. Biol. Chem. 381, 649–653.
Saurer, M., Fuhrer, J., Siegenthaler, U., 1991. Influence of ozone
on the stable carbon isotope composition,13C, of leaves and
grain of spring wheat (Triticum aestivumL.). Plant Physiol. 97,
313–316.
Scherm, H., Sutherst, R.W., Harrington, R., Ingram, J.S.I., 2000.
Global networking for assessment of impacts of global change
on plant pests. Environ. Pollut. 108, 333–341.
Serraj, R., Allen, L.H., Sinclair, T.R., 1999. Soybean leaf growth
and gas exchange response to drought under carbon dioxide
enrichment. Global Change Biol. 5, 283–291.
20 J. Fuhrer / Agriculture, Ecosystems and Environment 97 (2003) 1–20
Shaw, M.R., Zavaleta, E.S., Chiariello, N.R., Cleland, E.E.,
Mooney, H.A., Field, C.B., 2002. Grassland responses to global
environmental changes suppressed by elevated CO2. Science
298, 1987–1990.
Shugart, H.H., 1998. Terrestrial Ecosystems in Changing
Environments. Cambridge University Press, Cambridge, UK.
Suter, D., Frehner, M., Fischer, B.U., Nösberger, J., Lüscher, A.,
2002. Elevated CO2 increases carbon allocation to the roots
of Lolium perenneunder free-air CO2 enrichment but not in a
controlled environment. New Phytol. 154, 65–75.
Tingey, D.T., Hogsett, W.E., 1985. Water stress reduces ozone
injury via a stomatal mechanism. Plant Physiol. 77, 944–947.
Torbert, H.A., Prior, S.A., Rogers, H.H., Schlesinger, W.H.,
Mullins, G.L., Runion, G.B., 1996. Elevated atmospheric
carbon dioxide in agroecosystems affects groundwater quality.
J. Environ. Qual. 25, 720–726.
Torbert, H.A., Prior, S.A., Rogers, H.H., Runion, G.B., 1998. Crop
residue decomposition as affected by growth under elevated
atmospheric CO2. Soil Sci. 163, 412–419.
von Tiedemann, A., Firsching, K.H., 2000. Interactive effects of
elevated ozone and carbon dioxide on growth and yield of leaf
rust-infected versus non-infected wheat. Environ. Pollut. 108,
357–363.
von Tiedemann, A., Weigel, H., Jäger, H.J., 1991. Effects of
open-top chamber fumigations with ozone on 3 fungal leaf
diseases of wheat and the mycoflora of the phyllosphere.
Environ. Pollut. 72, 205–224.
Vorne, V., Ojanperä, K., De Temmerman, L., Bindi, M., Högy, P.,
Jones, M., Lawson, T., Persson, K., 2002. Effects of elevated
carbon dioxide and ozone on potato tuber quality in the
European multiple-site experiment CHIP-project. Eur. J. Agron.
17, 369–381.
Vozzo, S.F., Miller, J.E., Pursley, W.A., Heagle, A.S., 1995.
Atmospheric pollutants and trace gases—effects of ozone and
water-deficit on field-grown soybean. 1. Leaf gas-exchange. J.
Environ. Qual. 24, 663–670.
Walker, B., Steffen, W., Canadell, J., Ingram, J., 1999.
The Terrestrial Biosphere and Global Change: Implications
for Natural and Managed Ecosystems. Synthesis Volume.
Cambridge University Press, Cambridge, UK.
Wall, G.W., 2001. Elevated atmospheric CO2 alleviates drought
stress in heat. Agric. Ecosys. Environ. 87, 261–271.
Wall, G.W., Brooks, T.J., Adam, R., Cousins, A.B., Kimball, B.A.,
Pinter, P.J., LaMorte, R.L., Triggs, L., Ottman, M.J., Leavitt,
S.W., Matthias, A.D., Williams, D.G., Webber, A.N., 2001.
Elevated atmospheric CO2 improved sorghum plant water status
by ameliorating the adverse effects of drought. New Phytol.
152, 231–248.
Watt, A.D., Leather, S.R., 1986. The pine beauty in Scottish
lodgepole pine plantations. In: Berryman, A.A. (Ed.), Dynamics
of Forest Insect Populations: Patterns, Causes, Implications.
Plenum Press, New York, pp. 243–266.
Wechsung, G., Wechsung, F., Wall, G.W., Adamsen, F.J., Kimball,
B.A., Pinter, P.J., LaMorte, R.L., Garcia, R.L., Kartschall, T.,
1999. The effect of free-air CO2 enrichment and soil water
availability on spatial and seasonal patterns of wheat root
growth. Global Change Biol. 5, 519–529.
Wheeler, T.R., Batts, G.R., Ellis, R.H., Hardley, P., Mortison, J.I.L.,
1996. Growth and yield of winter wheat (Triticum aestivum)
crops in response to CO2 and temperature. J. Agric. Sci. 127,
37–48.
Whittacker, J.B., 1999. Impacts and responses at population level
of herbivorous insects to elevated CO2. Eur. J. Entomol. 96,
149–156.
Williams, A.N., Nearing, M., Habeck, M., Southworth, J., Pfeifer,
R., Doering, O.C., Lowenberg,-Deboer, J., Randolph, J.C.,
Mazzocc, M.A., 2001. Global climate change: implications
of extreme events for soil conservation strategies and crop
production in the midwestern United States. In: Stott, D.E.,
Mohtar, R.H., Steinhardt, G.C. (Eds.), Proceedings of the
Selected Papers from the 10th International Soil Conservation
Organization Meeting on Sustaining the Global Farm, Purdue
University, Indiana, pp. 509–515.
Woodward, F.I., Thompson, G.B., McKee, I.F., 1991. The effects of
elevated concentrations of carbon dioxide on individual plants,
populations, communities and ecosystems. Ann. Bot. 67, 23–
38.
Zanetti, S., Hartwig, U.A., van Kessel, C., Lüscher, A., Hebeisen,
T., Frehner, M., Fischer, B.U., Hendrey, G.R., Blum, H.,
Nösberger, J., 1997. Does nitrogen nutrition restrict the CO2
response of fertile grassland lacking legumes? Oecologia 112,
17–25.
Ziska, L.H., 2000. The impact of elevated CO2 on yield loss from
a C3 and C4 weed in field-grown soybean. Global Change Biol.
6, 899–905.
Ziska, L.H., Bunce, J.A., 1997. The role of temperature in
determining the stimulation of CO2 assimilation at elevated
carbon dioxide concentration in soybean seedlings. Physiol.
Plant 100, 126–132.
Ziska, L.H., Teasdale, J.R., 2000. Sustained growth, photosynthesis
and increased tolerance to glyphosate observed in a C3 perennial
weed, quackgrass, grown at elevated carbon dioxide. Aust. J.
Plant Physiol. 27, 157–164.
Ziska, L.H., Teasdale, J.R., Bunce, J.A., 1999. Future atmospheric
carbon dioxide may increase tolerance to glyphosate. Weed Sci.
47, 608–615.
